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Abstract 

We  have  studied  effects  of  inert  gas  atomization  and  optional  annealing  of  hydride-forming  alloys  on  the  alloy  performance  as  the  anode 
material  of  an  Ni/MH*  cell.  Metal  hydride  electrodes  were  prepared  using  atomized  powder  of  several  hydride-forming  alloys  and  studied 
for  their  performances  in  a  flooded  electrolyte  Ni/MH*  cell.  Their  performance  was  compared,  at  various  temperatures,  with  that  of  corre¬ 
sponding  non-atomized  alloys.  The  performance  studied  included:  specific  capacity  as  a  function  of  discharge  rates:  rate  capability;  cycle 
performance;  particle  size,  and  physical  degradation  with  cycling.  The  atomized  alloys  showed  lower  specific  capacity  and  slower  activation 
with  cycling  than  corresponding  non-atomized  alloys.  A  post-atomization  annealing  treatment  improved  both  in  specific  capacity  and  activation 
process,  but  the  improvement  was  not  sufficient  enough  to  match  the  performance  of  the  non-atomized  alloys.  Rate  capability  of 
LaQ  7Ce0.3Ni3.2Coj  .oMnoftAlo.2  alloy  was  not  affected  significantly  by  the  atomization.  Rate  capability  at  20  °C  of  another  alloy  with  only  a 
slight  variation  in  composition,  Lao  7Ce0  3Ni3  3Coj  oMno4Al0  3,  was  reduced  a  little  by  the  atomization,  while  that  at  2  C  was  not  affected.  A 
direct  observation  of  the  physical  degradation  process  of  alloy  particles  was  possible  using  the  atomized  powder  particles  due  to  their  well- 
defined  spherical  geometry. 
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1.  Introduction 

A  nickel-metal  hydride  (Ni/MHX)  cell  is  a  storage  battery 
cell  which  is  rapidly  emerging  in  recent  years  for  many  appli¬ 
cations,  especially  for  consumer  electronics.  An  Ni/MH* cell 
is  an  alkaline  storage  cell  and  is  similar  in  many  aspects  to  a 
nickel-cadmium  (Ni/Cd)  cell,  which  has  been  the  main 
workhorse  for  many  electronic  devices.  The  Ni/MHX  system 
has  recently  received  a  special  attention  from  many  battery 
developers  and  manufacturers  especially  due  to  environmen¬ 
tal  safety  concerns  regarding  the  Ni/Cd  cell,  while  general 
demands  for  a  reliable  portable  power  source  are  ever  increas¬ 
ing.  Concerns  about  toxicity  of  cadmium  have  led  to  stricter 
government  environmental  regulations  both  in  production 
processes  and  disposal  of  the  cells.  Such  regulations  made  it 
more  difficult  to  manufacture  Ni/Cd  cells  and  dispose  of 
them  economically  after  use.  For  most  applications  a  storage 
cell  is  generally  preferred  to  a  primary  cell  due  to  the  disposal 
problem.  The  Ni/MHX  cell  has  higher  gravimetric  and  volu¬ 
metric  energy  densities  than  Ni/Cd  cells  by  approximately 
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30%.  The  Ni/MH*  cell  has  also  the  advantage  of  being  able 
to  replace  an  Ni/Cd  cell  virtually  without  a  change  of  the 
existing  power  systems  for  many  electronic  devices  because 
they  are  similar  in  physical  structure  as  well  as  in  the  charge 
and  discharge  voltage  characteristics. 

Ni/MH*  cells  are  now  available  from  several  battery  man¬ 
ufacturers.  However,  further  improvements  of  the  cell  are 
desired  for  long  cycle  life,  low  self-discharge,  and  operation 
at  an  elevated  temperature.  Performance  of  the  cell  for  these 
characteristics  is  closely  related  to  the  alh  >y  properties.  There¬ 
fore,  it  is  highly  desirable  to  improve  the  hydride  alloy  mate¬ 
rial  for  an  improved  Ni/MH*  cell.  Preparation  technique  of 
the  alloys  as  well  as  their  composition  has  been  reported  to 
affect  the  performance  [1,2].  Most  popular  preparation  tech¬ 
niques  of  the  alloy  powder  are  arc-melting  and  melting  in  an 
induction  furnace  followed  by  a  mechanical  pulverization  of 
the  resulting  ingots.  It  has  been  reported  that  an  AB5-type 
alloy  prepared  by  a  rapid  cooling  technique  resulting  in  small 
grain  (approximately  10  pm)  columnar  structure  give  longer 
cycle  life  than  an  equiaxed,  large  grain  (approximately  50 
pm)  structure  from  a  slow  cooling  technique  [3].  Atomi¬ 
zation  of  a  molten  alloy  [4,5]  will  be  a  logically  preferred 
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technique  to  prepare  a  rapid-cooled  alloy.  As  an  effort  to 
develop  an  advanced  Ni/MH*  cell  [6,7],  the  present  report 
describes  results  of  a  new  preparation  technique  of  alloy 
material  for  the  anodes  of  a  nickel-metal  hydride  cell. 


2.  Experimental 

2.  L  Alloy  compositions 

The  hydride  alloy  compositions  studied  in  this  report 
included:  LaogCeo2Ni4  75Sno25’  Lao.8Ceo.2Ni3.75C01.oSno.25* 
and  Laj  _  jCCeJCNivCozMnuAl4,  where*  =  0.2-0.5,y  =  3.2-3.55, 
z  =  0.75-1 .0,  u  —  0.4-0.6,  and  v  =  0. 2-0.3.  The  alloy  powder 
preparation  techniques  were  either  arc-melting  followed  by 
a  mechanical  pulverization  or  atomization  of  the  melt.  ‘Non- 
atomized  powder’  was  prepared  by  mechanical  pulverization 
of  alloy  ingots  in  a  stainless-steel  mortar  followed  by  sieving 
in  a  nitrogen  filled  glove  box.  Elemental  analyses  of  the  alloys 
were  carried  out  by  d.c.  plasma  analysis  technique.  Results 
of  the  metal  analyses  of  the  alloy  powder  agreed  well  with 
the  intended  composition  within  an  experimental  error  ( a  few 
%  for  the  major  components  and  within  10%  for  the  minor 
components) .  However,  the  oxygen  content  was  much  higher 
(2000-3000  ppm)  in  some  atomized  alloys  (La^gCe^- 
Ni4.75Sno.25)  which  were  prepared  by  initial  preliminary  runs 
than  in  the  non-atomized  alloys  ( 1 00-200  ppm) .  Later  results 
with  an  alternate  equipment  with  improved  vacuum  control 
showed  considerably  reduced  oxygen  content  (220-270 
ppm)  but  it  was  still  a  little  higher  than  that  of  a  non-atomized 
powder. 

2.2.  Atomization 

The  basic  scheme  of  the  atomization  technique  is  shown 
in  Fig.  1 .  Atomization  was  carried  out  in  a  water-cooled  cop¬ 
per  crucible  by  passing  molten  alloy  through  an  orifice  in  an 
inert  atmosphere  (helium  or  argon)  while  an  inert  gas  jet  is 
directed  at  the  molten  stream  of  the  alloy.  The  orifice  size 
was  0.94  to  1 .25  cm  in  diameter.  The  inert  gas  nozzle  was 
approximately  0.2  cm  in  inner  diameter.  The  inert  atmosphere 
chamber  at  near  atmospheric  pressure  typically  contained 
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Fig.  1 .  A  schematic  drawing  of  atomization  technique. 


Fig.  2.  SEM  picture  of  typical  atomized  powder  ( The  scale  bar  in  the  picture 
is  for  10  p,m.) 


4-10  ppm  of  oxygen  and  approximately  30  ppm  of  H20.  The 
helium  gas  for  the  atomization  runs  contained  typically  2.5 
ppm  of  oxygen  and  approximately  8  ppm  of  H20.  The  source 
gas  pressure  varied  from  100  to  400  psi.  Resulting  alloy 
powders  with  various  particle  size  were  collected  and  sieved 
through  sieves  of  various  sizes.  Typical  test  samples  were  in 
the  particle  size  range  of  38-90  (xm  (  —  170+400  mesh) 
unless  otherwise  specified.  A  scanning  electron  microscope 
(SEM)  picture  of  typical  atomized  powder  is  shown  in  Fig.  2. 
The  atomized  alloys  were  also  annealed  in  a  rhenium  boat  in 
an  inert  atmosphere  for  72  h  at  1 100  °C  in  order  to  improve 
their  specific  capacity.  The  annealed  powder  was  found  to  be 
sintered  together  to  form  a  cake.  The  sintered  cake  was 
mechanically  broken  and  sieved  to  prepare  powder  of  desired 
particle  size. 

2.3.  Test  electrodes  and  cells 

The  metal  hydride  (MHX)  electrodes  for  evaluation  of  the 
alloys  were  prepared  by  pasting  a  slurry  of  the  alloy  powder, 
Shawinigan  acetylene  black  (AB50) ,  and  polymer  solution 
on  a  piece  of  nickel  foam  substrate  of  80  to  100  pores  per 
inch.  Test  electrodes  were  approximately  2.3  cm  X  2.3  cm  in 
size.  Each  electrode  contained  approximately  0.8  to  1  g  of 
alloy.  Performance  tests  of  the  MH*  electrodes  are  carried  out 
in  a  flooded  electrolyte  Ni/MH*  cell  containing  31  wt.% 
KOH  electrolyte.  After  activation,  the  cells  were  immediately 
trickle  charged  at  10  to  20  mA  for  a  minimum  of  several 
hours  before  measuring  their  initial  capacities  to  prevent  pos¬ 
sible  corrosive  oxidation  of  the  active  alloy  material. 

2.4.  Test  cycle  regime 

Capacity  tests  were  carried  out  by  charging  test  cells  at  165 
mA  for  2.5  h  followed  by  discharge  of  the  cells  at  the  same 
rate  to  1.0  V.  The  standard  cycling  test  regime  was  an  aero¬ 
space  low  earth  orbit  (LEO)  regime  at  approximately  50% 
depth-of-discharge  with  1 10%  recharge,  i.e.,  35  min 
discharge  at  O.86C  rate  (285  mA)  followed  by  recharge  at 
0.60C  ( 198  mA)  for  55  min. 
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3.  Results 

We  have  studied  effects  of  atomization  and  an  optional 
annealing,  as  a  preparation  technique,  on  the  performance  of 
hydride-forming  alloys  as  the  anode  material  of  an  Ni/MH* 
cell.  Measured  values  of  the  specific  electrochemical  capacity 
of  the  present  hydride-forming  alloys  depended  rather 
strongly  on  their  preparation  techniques.  The  rate  of  activa¬ 
tion  process  also  depended  strongly  on  the  preparation  tech¬ 
niques.  It  takes  many  cycles  to  reach  full  capacity  values, 
especially  for  those  prepared  by  the  atomization.  Some  alloys 
take  several  hundreds  of  cycles  before  they  are  fully  activated. 
In  this  activation  period,  measured  values  of  the  electrode 
capacity,  especially  from  one  electrode  to  another,  were  not 
reproducible.  It  is  difficult  to  make  precise  comparison  of 
capacities  of  different  alloys  due  to  the  lack  of  reproducibility 
of  the  measurements  and  especially  due  to  the  fact  that  the 
number  of  cycles  needed  to  reach  the  maximum  capacity  is 
different  for  individual  alloys.  The  effect  of  alloy  preparation 
techniques  on  the  specific  capacity  is  shown  in  Table  1  by 
comparing  approximate  values  of  the  maximum  specific 
capacities  of  alloys.  The  specific  capacities  of  the  atomized 
powder  were  much  lower  than  those  of  corresponding  non- 
atomized  alloys.  The  specific  capacity  of  the  atomized  pow¬ 
der  was  improved  the  annealing,  but  only  marginally  as 
shown  in  Table  1. 

3.1.  Effects  of  discharge  rates  and  temperature  on 
performance 

Effects  of  discharge  rate  and  temperature  on  cell  perform¬ 
ance  for  both  atomized  and  non-atomized  alloys  were  studied 
at  various  rates  ranging  from  approximately  0.2  to  1C  rate  at 
temperatures  of  2,  10,  and  20  °C.  As  the  discharge  rate 
increases,  the  average  cell  voltage  and  the  capacity  are 
depressed,  while  the  degree  of  the  inter-dependence  varied 
with  the  individual  alloys.  Measured  specific  capacity  values 
of  atomized  and  non-atomized  alloys  at  various  temperatures 
are  shown  as  a  function  of  discharge  rates  in  Figs.  3-6. 
Discharge  capacity  decreased  roughly  linearly  with  increase 
of  discharge  rate  with  the  exception  of  the  non-atomized 
La07Ceo.3Ni33Co1  oMn04Al03  alloy  at  20  °C  (see  Fig.  5). 
Even  though  the  specific  capacities  are  reduced  by  the  atom- 


Table  1 

A  comparison  of  maximum  capacities  of  various  alloy 


Sample  identifiction 

Maximum 
measured  capacity 
(mAh/g) 

Comments 

Lao.gCeo.2Ni475Sno.25 

240 

Non-atomized 

Lao.gCeo2Ni475Sno.25 

176 

Atomized 

Lao.7CeQ.3Ni3  2COi  oMno6Alo.2 

329 

Non-atomized 

Lao.7Ceo3Ni32COjoMno.eAlo  2 

190 

Atomized 

Lao  7Ceo.3Ni3.2Co  1  .oMno.ftAlo  2 

268 

Atomized,  annealed 

Lao.7Ceo.3Ni3  3Coi  0M110.4AI0.3 

321 

Non-atomized 

Lao.7Ceo.3Ni3  3Coj  .0M1104AI03 

200 

Atomized 

Lao.7Ceo.3Ni3  3COj  oMno.4Alo  3 

231 

Atomized,  annealed 

DISCHARGE  RATE,  mA 

Fig.  3.  Specific  capacity  of  non-atomized  Lao  rCeo^Nis^CojoMno.eAlo^ 
alloy  at  2,  10,  and  20  °C  at  various  discharge  rates 


DISCHARGE  RATE,  mA 

Fig.  4.  Specific  capacity  of  atomized  Lao.7Ceo.3N1 1 2Co10Mno.6Alo.2  alloy  at 
2,  10,  and  20  °C  at  various  discharge  rates. 


DISCHARGE  RATE.  mA 

Fig.  5.  Specific  capacity  of  non-atomized  La  7Ceo.3Ni3  3Coj  oMno^Aloj 
alloy  at  2,  10,  and  20°C  at  various  discharge  ratcv 


DISCHARGE  RATE,  mA 

Fig,  6.  Specific  capacity  of  atomized  La^Ceo  3Ni3.3Coi.0Mn0  4Al0  3  alloy  at 
2,  10,  and  20  °C  at  various  discharge  rates. 
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ization,  the  relative  rate  capability  of  the  atomized  alloy, 
La0  7Ce0  3Ni3  2Co1  oMn0.6Al02,  remains  approximately  the 
same  as  that  of  the  corresponding  non-atomized  alloy  (cf. 
Fig.  3  versus  Fig.  4) ,  while  that  for  the  alloy,  La<).7Ce0  3Ni3  3- 
Co,  oMno  4A10  3,  was  slightly  deteriorated  by  the  atomization 
(cf.  Fig.  5  versus  Fig.  6). 

Effects  of  charge  temperature  on  cell  voltage  and  capacity 
were  studied  by  charging  cells  at  various  temperatures  fol¬ 
lowed  by  discharging  at  20  °C.  Charging  temperatures 
between  0  and  20  °C  had  little  effect  on  either  cell  voltage  or 
capacity  but  charging  at  30  °C  or  higher  showed  reduced 
capacity.  Effects  of  discharge  temperature  on  cell  voltage  and 
capacity  were  studied  by  charging  cell  at  20  °C  followed  by 
discharging  at  various  temperatures.  Discharge  temperatures 
between  10  and  40  °C  did  not  show  a  significant  effect  on 
capacity  or  voltage.  However,  both  capacity  and  voltage  were 
depressed  noticeably  when  the  cell  was  discharged  at  0  °C. 

3.2.  Effects  of  particle  size  on  performance 

Particle  size  range  for  this  study  was  rather  limited  because 
particle  sizes  bigger  than  approximately  100  |xm  (150  mesh) 
were  not  suitable  for  electrode  fabrication.  We  have  tested 
electrodes  containing  alloy  powders  in  three  different  size 
ranges,  i.e.,  below  38,  38-63,  and  63-90  jxm.  The  size  below 
38  jxm  did  not  give  full  capacity.  Electrodes  containing  large 
particles  (63-90  jxm)  showed  higher  capacity  and  faster  acti¬ 
vation  than  those  containing  small  particles  (38-63  jxm). 

3.3.  Effects  of  atomization  and  annealing  on  cycle  life 
performance 

We  have  studied  the  effects  of  atomization  and  alternate 
annealing  on  the  cycle  life  performance  of  the  alloys.  Typical 
cycle  life  performances  of  non-atomized  and  atomized  alloys 
are  shown  in  Fig.  7.  Electrodes  with  non-atomized  powders 
activate  faster  and  have  a  much  higher  initial  capacity  than 
the  corresponding  atomized  alloys.  An  X-ray  diffraction 
study  on  the  atomized  alloys  indicated  that  the  alloy  is  amor¬ 
phous.  After  annealing  the  alloy  at  1 1 00  °C  for  72  h  it  became 
partially  crystalline  [8] .  It  is  speculated  that  the  lack  of  crys- 
talinity  is  mainly  responsible  for  the  low  capacity  of  the 
atomized  alloys.  However,  a  long-term  cycling  (hundreds  of 
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NO.  OF  CYCLES 

Fig.  7.  Effects  of  atomization  on  cycle  life  performance  of  MR*  electrodes. 
Alloy:  Lao.7Ceo.3Ni3.2Coj  oMno^Alo.2.  (A),  (B)  non-atomized  powder  of 
63-90  p,m,  and  (C),  (D)  atomized  powder  of  38-63  |im  in  diameter. 


cycles)  showed  that  capacities  of  the  non-atomized  alloys  are 
decreasing  with  cycling,  while  the  at*  imized  alloys  showed  a 
trend  of  increase  in  capacity.  Annealing  improved  the  rate  of 
activation  process  considerably  for  alloys,  Lao.7Ceo.3Ni3  2- 
COi  oMno  sAlo^  and  Lao.7Ceo ,3Ni3  3C  o^Ino.4Alo.3»  but  still 
required  over  100  cycles  for  full  activation. 

3.4.  Physical  degradation  of  alloy  particles  with  cycling 

Physical  degradation  process  of  the  atomized  alloy  parti¬ 
cles  with  the  electrochemical  cycling  in  an  Ni/MH*  cell  was 
studied  by  taking  SEM  pictures  of  alloy  particles  from  a 
cycled  electrode  which  were  separated  by  dissolving  the 
polymer  bonding  agent  of  the  electrode.  The  SEM  pictures 
of  the  particles  after  various  number  of  cycles  are  shown  in 
Figs.  8  and  9.  The  mechanical  degradation  of  Lao  8Ce0.2- 
Ni355Coo75Mno.4Alo.3  alloy  particles  after  387  cycles  was 
minimal  as  shown  in  Fig.  8.  After  862  cycles,  the  mechanical 


Fig.  8.  SEM  picture  of  Lao  gCe0  2Ni3  55Co0  75Mno.4Al0  3  alloy  in  particle  size 
63-90  |xm  in  diameter  after  387  cycles.  (The  scale  bar  in  the  picture  is  for 
10  p,m.) 


Fig.  9.  SEM  picture  of  Lao.5Ceo.5Ni3.55Coo.75M  n0.4Alo.3  alloy  in  particle  size 
63-90  (xm  in  diameter  after  862  cycles.  (The  scale  bar  in  the  picture  is  for 
10  pm.) 
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disintegration  process  of  the  particles  through  surface  crack¬ 
ing  is  readily  visible  for  La05Ce05Ni3  55Co075Mn04Al03 
alloy  as  shown  in  Fig.  9. 

4.  Summary 

We  have  studied  specific  capacity  as  a  function  of  dis¬ 
charge  rates,  rate  capability,  cycle  performance,  particle  size, 
and  physical  degradation  with  cycling.  The  atomized  alloys 
showed  lower  specific  capacity  and  slower  activation  with 
cycling  compared  with  corresponding  non-atomized  alloys. 
A  post-atomization  annealing  treatment  improved  both  in 
specific  capacity  (Table  1)  and  activation  process,  but  the 
improvement  was  not  sufficient  enough  to  reach  the  perform¬ 
ance  of  the  non-atomized  alloys.  Rate  capability  of 
Lao.7Ceo.3Ni3  2Co!  oMn0  6Al0  2  alloy  was  not  affected  signif¬ 
icantly  by  the  atomization.  Rate  capability  at  20  °C  of  an 
alternate  alloy  having  slightly  different  composition, 
La07Ce03Ni3  3Co1  oMn04Al03,  was  reduced  a  little  by  the 
atomization,  while  that  at  2  °C  was  not  affected.  A  direct 
observation  of  the  physical  degradation  process  of  alloy  par¬ 
ticles  was  possible  using  the  atomized  powder  particles  due 
to  their  well-defined  spherical  geometry. 

Present  results  do  not  appear  to  be  sufficient  to  draw  a 
conclusion  about  the  possible  merits  of  the  atomization  tech¬ 
nique,  even  though  overall  performances  of  the  non-atomized 
alloys  were  superior  to  those  of  the  atomized  alloy.  Further 
studies  are  needed,  especially  for  reducing  the  oxygen  con¬ 


tents  in  the  atomized  alloys  and  for  cycle  life  performance  of 
the  alloys  prepared  by  an  improved  atomization  technique. 
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